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Vibrio parahaemolyticus O3:K6 strains responsible for the increase in the number of cases of diarrhea in
Calcutta, India, beginning in February 1996 and those isolated from Southeast Asian travelers beginning in
1995 were shown to belong to a unique clone characterized by possession of the tdh gene but not the #rh gene
and by unique arbitrarily primed PCR (AP-PCR) profiles (J. Okuda, M. Ishibashi, E. Hayakawa, T. Nishino,
Y. Takeda, A. K. Mukhopadhyay, S. Garg, S. K. Bhattacharya, G. B. Nair, and M. Nishibuchi, J. Clin.
Microbiol. 35:3150-3155, 1997). Evidence supporting a hypothesis that this clone emerged only recently and is
spreading to many countries was obtained in this study. Of 227 strains isolated in a hospital in Bangladesh
between 1977 and 1998, only 22 strains isolated between 1996 and 1998 belonged to the new O3:K6 clone
(defined by the serovar, the ¢tdh and trh typing, and AP-PCR profiles). The O3:K6 strains isolated from clinical
sources in Taiwan, Laos, Japan, Thailand, Korea, and the United States between 1997 and 1998 were also
shown to belong to the new 03:K6 clone. The clonality of the new O3:K6 strains was also confirmed by analysis
of the toxRS sequence, which has been shown to be useful for phylogenetic analysis of the members of the genus
Vibrio. The toxRS sequences of the representative strains of the new O3:K6 clone differed from those of the
03:K6 strains isolated before 1995 at least at 7 base positions within a 1,346-bp region. A new PCR method
targeted to 2 of the base positions unique to the new 03:K6 clone was developed. This PCR method could
clearly differentiate all 172 strains belonging to the new O3:K6 clone from other 03:K6 strains isolated earlier.
One hundred sixty-six strains belonging to 28 serovars other than O3:K6 were also examined by the new PCR
method. The ¢dh-positive and trh-lacking strains that belonged to the 04:K68 and O1:K untypeable serovars
and were isolated in three countries and from international travelers beginning in 1997 gave positive results.
The AP-PCR profiles of these strains were nearly identical to those of the new O3:K6 clone, and their toxRS
sequences were 100% identical to that of the new O3:K6 clone. The results suggest that these strains may have
diverged from the new O3:K6 clone by alteration of the O:K antigens. In conclusion, this study presents strong
evidence for the first pandemicity in the history of V. parahaemolyticus and reports a novel toxRS-targeted PCR
method that will be useful in epidemiological investigation of the cases associated with the current pandemic spread.

Some strains of Vibrio parahaemolyticus, a marine bacte-
rium, can cause gastroenteritis in humans through consump-
tion of seafood. It was reported in the late 1960s that almost all
clinical strains, but very few environmental strains, manifest
Kanagawa phenomenon (KP), B-type hemolysis on Wagat-
suma agar (8, 19). KP is caused by high-level production of
thermostable direct hemolysin. Thermostable direct hemolysin
is encoded by the tdh gene (13, 17), which was detected almost
exclusively in clinical strains in an early study (11). The role of
thermostable direct hemolysin in enterotoxigenicity was dem-
onstrated by construction and examination of the tdh-deficient
mutant of a KP-positive strain (10). Investigation of an out-
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break in the Maldives in 1985 revealed that some clinical
strains do not possess the tdh gene but carry the tdh-related
hemolysin (/) gene (14). The trh sequence was approximately
70% identical to the tdh sequence. There is much greater
strain-to-strain divergence among #rh sequences than among
tdh sequences. The trh sequences in different strains, however,
can be clustered into two groups represented by the #21 and
trh2 genes, which have 84% sequence identity (5). Strains pos-
sessing either the tdh gene, the trh gene, or both were shown to
be strongly associated with gastroenteritis (5, 20).
Surveillance for V. parahaemolyticus infection was initiated
in January 1994 in Calcutta, India. A group of strains belonging
to serovar O3:K6 and possessing the tdh gene but not the t7h
gene appeared suddenly in February 1996 and was shown to be
responsible for the high incidence of V. parahaemolyticus in-
fection since then in Calcutta (16). Serovar O3:K6 was not
isolated before February 1996 in Calcutta. In addition, the
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03:K6 strains isolated in Calcutta were shown to exhibit
unique profiles in an arbitrarily primed PCR (AP-PCR) anal-
ysis (16). Strains belonging to the same group, i.e., O3:K6
strains possessing the tdh gene but not the #h gene and show-
ing the unique AP-PCR profiles, were also detected among
those isolated from travelers arriving in Japan from Southeast
Asian countries from 1995 on (16). Thus, the Calcutta O3:K6
strains and the above strains from the travelers were consid-
ered to belong to a single clone (16). These results suggested
that this unique clone, referred to below as a new O3:K6 clone,
might have emerged recently and become prevalent not only in
Calcutta, India, but also in other parts of the world.

We examined this hypothesis, and we present evidence in
this study for the first pandemicity in the history of V. para-
haemolyticus. Clinical strains isolated over 22 years, starting
from 1977, in a hospital in Bangladesh were available. The
emergence of the new O3:K6 clone in 1996 but not earlier was
demonstrated by examination of these strains. Next, we
showed by AP-PCR analysis that the clinical strains of serovar
03:K6 isolated in six other countries, including the United
States, from 1997 on belong to the same clone. We then de-
veloped a novel PCR method to identify the strains belonging
to the new O3:K6 clone. We utilized the toxRS operon se-
quence to develop this PCR method. The toxR and foxS genes
in the foxRS operon encode transmembrane proteins involved
in the regulation of virulence-associated genes and are well
conserved in the genus Vibrio (3, 7, 18; J. H. Rhee, S. E. Lee,
S.Y. Kim, S. H. Shin, C. M. Kim, P. Y. Ryu, K. C. Leong, S. H.
Choi, and S. S. Chung, Abstr. 98th Gen. Meet. Am. Soc. Mi-
crobiol., abstr. B-171, p. 84, 1998; V. Vuddhakul, T. Nakai, C.
Matsumoto, T. Oh, T. Nishino, M. Nishibuchi, and J. Okuda,
submitted for publication). We used the intraspecies variation
of the toxRS sequence to develop a cluster-specific PCR
method that allowed for confirmation of the clonality of the
new O3:K6 strains. By using this PCR method in our investi-
gation, we found emerging strains that were almost indistin-
guishable from the new O3:K6 clone, although the strains
belonged to different serovars.

MATERIALS AND METHODS

Bacterial strains. V. parahaemolyticus strains were isolated from clinical spec-
imens of patients with diarrhea in eight countries. In Bangladesh, V. parahae-
molyticus strains were isolated at the International Centre for Diarrheal Diseases
Research, Bangladesh, located in Dhaka, between 1977 and 1998. Stool speci-
mens were plated directly, after enrichment in bile peptone broth, onto tauro-
cholate-tellurite-gelatin agar (9). The colonies selected were screened for V.
parahaemolyticus by a battery of biochemical tests: positive results in the tests for
fermentation without gas production of arabinose, glucose, mannitol, and man-
nose, for lysine and ornithine decarboxylase, and for growth in 8% NaCl; neg-
ative results for esculin hydrolysis, for fermentation of salicin, inositol, and
sucrose, for arginine dihydrolase, and for growth in 0% NaCl. Presumptively
identified strains were lyophilized and stored at room temperature until further
characterization. In Taiwan, the strains were isolated during outbreaks in
Kaohsiung in 1993 and in Taipei, Hsinchu, Tao-Yuan, Kie-men, and Kee-lung in
1997. The strains were presumptively identified with API 20E strips (bioMérieux,
Marcy-I"Etoile, France). Indian strains were isolated in the Infectious Diseases
Hospital in Calcutta, and the strains were presumptively identified as described
previously (16). Laotian strains were isolated during diarrhea outbreaks in four
hospitals in Vientiane in August and September 1997 (24). Thai strains were
isolated in Songklanagarind Hospital and Hat-Yai Hospital, Hat-Yai, in Sep-
tember and October 1998 (V. Vuddhakul, A. Chowdhury, N. Patararungrong, P.
Pungrasamee, P. Thianmontri, V. Laohaprertthisan, M. Ishibashi, and M. Nishi-
buchi, unpublished data). Korean strains were isolated in Pusan University Hos-
pital, Pusan, South Korea, in August 1998. The strains were initially identified
with API 20E. U.S. strains were isolated during outbreaks in Texas (S. S. Barth,
L. S. Del Rosario, T. Baldwin, M. Kingsley, V. Headley, B. Ray, K. Wiles, A.
DePaola, D. Cook, C. Kaysner, N. Puhr, N. Daniels, L. Kornstein, and M.
Nishibuchi, Abstr. 99th Gen. Meet. Am. Soc. Microbiol., abstr. C-57, p. 116,
1999), New York State, and Connecticut in the summer of 1998. Japanese strains
were isolated in the following locations and years: Osaka Prefecture, 1997 and
1998; Wakayama Prefecture, 1997, supplied by the Wakayama Prefectural Re-
search Center of Environment and Public Health; Fukuoka Prefecture, 1997 and
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1998, supplied by the Fukuoka Institute of Health and Environmental Sciences;
and Kyoto Prefecture, 1998, supplied by the Kyoto Prefectural Institute of
Hygienic and Environmental Sciences.

The strains isolated from travelers arriving in Japan from abroad were ob-
tained from Osaka Airport Quarantine Station (strains isolated between 1982
and 1994) and Kansai Airport Quarantine Station (strains isolated between 1995
and 1999).

The complete identification of the V. parahaemolyticus strains was carried out
by standard biochemical tests and by a PCR method targeted to the V. para-
haemolyticus toxR gene as described previously (4).

O:K serovar. The O:K serovar of each test strain was determined by aggluti-
nation tests with specific antisera as described previously (21).

Detection of hemolysin genes. The presence or absence of the tdh, trh1, and
trh2 genes in each test strain was determined by the DNA colony hybridization
method using specific DNA probes as described previously (15).

AP-PCR. AP-PCR was performed as described previously (15, 16) except that
two different PCR machines were used in this study. Briefly, 25 ng of purified
total DNA, 25 pmol of a primer (primer 1, 2, or 4 included in the RAPD Analysis
Primer Set [Pharmacia Biotech, Inc., Uppsala, Sweden]), 2.5 U of polymerase
(Ex Tagq; Takara, Shiga, Japan), 10X buffer containing 20 mM MgCl, (Ex Taq
buffer; Takara), and 0.125 mM each deoxynucleoside triphosphate were used for
each amplification reaction. The thermal cycling was set at one cycle of 95°C for
4 min, followed by 45 cycles of amplification consisting of denaturation at 95°C
for 1 min, annealing at 36°C for 1 min, and extension at 72°C for 2 min, and then
followed by one cycle of 72°C for 7 min. A Hybaid (Middlesex, England) model
HB-TRIL thermal reactor was used when Bangladeshi strains were compared. A
Zymoreactor II (model AB-1820; Atto Co., Tokyo, Japan) was used when the
strains isolated in many other countries were examined.

toxRS sequence determination. The f0xRS region of the test DNA was ampli-
fied by a PCR method, and the nucleotide sequence of the amplicon was deter-
mined as described below. The test strain was grown in Luria-Bertani (LB) broth
containing 1% NaCl at 37°C with shaking (160 rpm) overnight. One milliliter of
the culture was boiled for 10 min and transferred onto ice immediately. The
supernatant was then obtained by centrifugation (at 14,000 rpm) on a tabletop
centrifuge (Centrifuge 5415C; Eppendorf, Hamburg, Germany) at room tem-
perature. The supernatant was diluted 10-fold in distilled water and used as the
template solution for PCR. A pair of PCR primers (toxRS.1 and toxRS.2) was
designed so that the amplified sequence covered most coding regions of the foxR
and roxS genes of strain AQ3815 (Fig. 1). The sequences of the sense primer
(toxRS.1) and the antisense primer (toxRS.2) were 5'-TATCTCCCATGCGCA
AACGTA-3' (positions 73 to 93 in the work of Lin et al. [7] and GenBank
accession no. L11929) and 5'-ACAGTACCGTAGAACCGTGAT-3' (positions
1542 to 1522 in the work of Lin et al. [7] and GenBank accession no. L11929),
respectively. The PCR mixture consisted of 2 ul of Thermophilic DNA Poly-
merase 10X Buffer (magnesium free, containing 100 mM Tris-HCI [pH 9.0], 500
mM KCl, and 1% Triton X-100; Promega Corp., Madison, Wis.), 1.5 mM MgCl,,
0.125 mM each deoxynucleoside triphosphate, 0.5 uM each primer, 2.5 ul of the
template solution (supernatant of the boiled culture diluted 1:10), and 0.5 U of
Taq DNA polymerase in Storage Buffer A (Promega Corp.) in a 20-pl volume.
The amplification conditions were set at one cycle of 96°C for 5 min, followed by
30 cycles of amplification consisting of denaturation at 96°C for 1 min, annealing
at 55°C for 1 min, and extension at 72°C for 1 min, and then followed by one cycle
of 72°C for 7 min. The PCR-amplified mixture was resolved by electrophoresis in
a 1% agarose gel, and 1,470-bp amplicons were extracted from the gel pieces with
QiaexII (Qiagen GmbH, Dusseldorf, Germany) according to the manufacturer’s
instructions. Approximately 50 ng of the purified amplicons were used as the
template for sequence determination. The toxRS.1 primer, the toxRS.2 primer,
and 11 other nested primers were used to determine the sequence in both
directions with an ABI PRISM Dye Terminator Cycle Sequencing Ready Kit and
ABI PRISM 310 Genetic Analyzer (Perkin-Elmer Applied Biosystems, Foster
City, Calif.).

Group-specific PCR. A PCR method to specifically detect the foxRS sequence
of the new O3:K6 clone was established by a modification of the method of Wu
et al. (23). The 16-mer primers designated GS-VP.1 (5-TAATGAGGTAGAA
ACA-3") and GS-VP.2 (5'-ACGTAACGGGCCTACA-3") were designed to
contain a group-specific base at the 3’ end (Fig. 1). The sequences of the primers
were identical with (GS-VP.1) or complementary to (GS-VP.2) the deposited
toxRS sequence of strain VP81 (the base positions correspond to 561 to 576 and
1211 to 1196 of the toxRS sequences of strain AQ3815 [reference 7 and GenBank
accession no. L11929], respectively). The 1:10 diluted supernatant of the boiled
LB broth culture prepared as described above was used as the template solution.
The PCR mixture consisted of 2 ul of Thermophilic DNA Polymerase 10X
Buffer (magnesium free, containing 100 mM Tris-HCI [pH 9.0], 500 mM KCI,
and 1% Triton X-100; Promega Corp.), 1.5 mM MgCl,, 0.125 mM each de-
oxynucleoside triphosphate, 0.2 uM each primer, 2.5 pl of the template solution
(supernatant of the boiled culture diluted 1:10), and 0.5 U of Tag DNA poly-
merase in Storage Buffer A (Promega Corp.) in a 20-pl volume. The amplifica-
tion conditions were set at one cycle of 96°C for 5 min, followed by 25 cycles of
amplification consisting of denaturation at 96°C for 1 min, annealing at 45°C for
2 min, and extension at 72°C for 3 min, and then followed by one cycle of 72°C
for 7 min. The PCR-amplified mixture was resolved by electrophoresis in a 1%
agarose gel to detect 651-bp amplicons.
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FIG. 1. Target positions of the PCR primers used to amplify the toxRS sequences and the essential base difference in the toxRS sequence between the old O3:K6
strain group and the new O3:K6 clone. The bases described are those in the coding strand, except that the bases in the GS-VP.1 and GS-VP.2 primers are those
incorporated in the actual oligonucleotides. Numerals indicate the base positions that correspond to those in the reported foxRS sequence of strain AQ3815 (Lin et

al. [7] and GenBank accession no. L11929).

Nucleotide sequence accession numbers. The nucleotide sequence data of the
toxRS operon of V. parahaemolyticus strains reported in this paper will appear in
the DDJB/EMBL/GenBank databases with the following accession numbers
(strain names are given in parentheses): AB029911 (VP81), AB029913 (JKY-VP6),
AB029903 (BE-98-2062), AB029912 (VP108), AB029904 (FIHES98V14-1),
AB029915 (U-5474), AB029909 (AQ4901), AB029907 (AQ3810), AB029908
(DOH272), AB029905 (AN-5034), AB029906 (AN-16000), AB029910 (Y-27669),
and AB029914 (AN-8917).

RESULTS AND DISCUSSION

Emergence of O3:K6 strains in Bangladesh. Of the strains
presumptively identified as V. parahaemolyticus between 1977
and 1998, 227 were finally identified as V. parahaemolyticus.
These strains were characterized and are listed in Table 1. The
number of strains isolated each year approximates the yearly
incidence of V. parahaemolyticus infection, although some
strains became nonviable during storage. Like those found in
Calcutta (16), many strains belonging to the O3:K6 serovar and
carrying the tdh gene but not the #h gene were isolated be-
tween 1996 and 1998. The O3:K6 strains possessing only the
tdh gene were also detected in 1980 and 1981. Therefore, we
examined the possibility that the O3:K6 strains isolated in the
1980-t0-1981 and 1996-to0-1998 periods in Bangladesh may be
genetically related to the new O3:K6 clone isolated in Calcutta.
These strains were compared by the AP-PCR method that has
been used to identify the new O3:K6 clone (16). Two different
primers (designated primer 1 and primer 2) were used, and the
results obtained with the two primers were essentially the same
(Fig. 2). The AP-PCR profiles of the strains isolated in 1980
and 1981 in Bangladesh were the same but were distinct from
that of the new O3:K6 clone (Fig. 2, Al and A2). On the other
hand, the representative strains isolated between 1996 and
1998 showed AP-PCR profiles that were identical with that of
the new O3:K6 clone (Fig. 2, B1 and B2). The results indicate
that the new O3:K6 clone first appeared in 1996 in Bangladesh.

Detection of the new O3:K6 clone in other countries. After
the report of the new O3:K6 clone in the literature (16), O3:K6
strains have been isolated in countries other than India and
Bangladesh. We examined our hypothesis that the new O3:K6
clone also caused infection in these countries by isolating
03:K6 strains from patients with diarrhea in six other coun-
tries. The number of strains isolated in Taiwan, Laos, Japan,
Thailand, Korea, and the United States totaled 119 (Table 2).
With the exception of a Taiwanese strain isolated in 1993,
these O3:K6 strains were isolated between 1997 and 1999. All

of these strains, with the exception of a Japanese strain, had
the tdh gene. None had the #7h1 or the #h2 gene (Table 2).
These strains were compared with representative O3:K6
strains isolated in India, in Japan (from Southeast Asian trav-
elers) (16), and in Bangladesh. Fifty-nine strains were selected
from various groups of serovar O3:K6 listed in Table 2 and
were examined by AP-PCR with primer 2 first. All O3:K6
strains isolated from 1995 on, including the standard strains of
the new O3:K6 clone, showed essentially identical AP-PCR
profiles, whereas the strains isolated between 1980 and 1993,
collectively referred to below as the old O3:K6, exhibited pro-
files different from those of the strains isolated from 1995 on
(data not shown). Representative strains of various O3:K6
groups listed in Table 2 (experimental strain numbers 1
through 15) were then examined by AP-PCR with two other
primers (primers 1 and 4). These results also confirmed that
the strains isolated from 1995 on shared nearly identical AP-
PCR profiles and thus belong to the new O3:K6 clone. The
results obtained with the three primers for the representative
stains are presented in Fig. 3. An exceptional tdh-deficient
strain, FIHES98V1-32-4, that was isolated in 1998 in Japan
showed AP-PCR profiles that diverged slightly from those of
other strains when examined with primers 1 and 2 (Fig. 3, lanes
12) (discussed below).

Development of a foxRS-targeted PCR method and confir-
mation of the clonality of the new 03:K6 strains. The above
AP-PCR method has been shown to be useful for the detection
of the new O3:K6 clone. However, it is cumbersome, and one
has to be careful when using this test. AP-PCR profiles can be
influenced by factors such as the quality and concentration of
template DNA and primers, the quality of 7Tag polymerase,
and the conditions of the PCR apparatus. Therefore, we de-
cided to develop a new PCR method for detection of the new
03:K6 clone that is easier to perform and less influenced by
the above factors.

The nucleotide sequences of conserved genes such as rRNA
genes and the gyrB gene encoding the DNA gyrase B subunit
are often used for phylogenetic analysis. The toxR gene was
first discovered in Vibrio cholerae, and this gene, when assisted
by the toxS gene located immediately downstream, has been
shown to be involved in the regulation of many virulence-
associated genes in this organism (3). The foxR gene was also
detected at least in V. parahaemolyticus, Vibrio fischeri, Vibrio
vulnificus, and Vibrio hollisae, and the sequences of these genes
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TABLE 1. Characteristics of V. parahaemolyticus strains isolated from patients with diarrhea at the International Centre for Diarrheal
Diseases Research, Bangladesh, between 1977 and 1998

Presence of gene”: No. of O:K No. of total No. of strains belonging to serovar:
Yr of isolation § . o
tdh trh1 trh2 serovars strains 03:K6 O4:K68 O1:KUT” Other*
1977 + - - 7 11 0 0 0 11
- - + 3 3 0 0 0 3
1979 + - - 2 2 0 0 0 2
1980 + - - 13 24 6 0 0 18
- - + 5 6 0 0 1 5
1981 + - - 10 19 2 0 17
- + - 1 1 0 0 1 0
_ - + 4 0 0 2 4
1982 + - - 11 26 0 0 0 26
- - + 3 3 0 0 1 2
1983 + - - 11 20 0 0 0 20
_ - + 3 4 0 0 0 4
- - - 2 3 0 0 0 3
1984 + - - 1 1 0 0 0 1
1986 + - - 2 3 0 0 0 3
- - + 2 2 0 0 0 2
1987 + - - 4 6 0 0 0 6
- - - 1 1 0 0 0 1
1988 + - - 3 3 0 0 0 3
1989 + - - 1 1 0 0 0 1
- - - 1 1 0 0 0 1
1990 + - - 1 2 0 0 0 2
1991 + - - 1 1 0 0 0 1
- - - 1 1 0 0 0 1
1992 + - - 1 3 0 0 0 3
1993 + - - 4 5 0 0 0 5
1994 + - - 7 9 0 0 0 9
- - + 1 2 0 0 0 2
1995 + - - 5 5 0 0 0 5
- - + 1 1 0 0 1 0
1996 + - - 2 18 14 0 0 4
- - - 1 1 0 0 0 1
1997 + - - 3 8 4 0 0
- - - 1 1 0 0 0 1
1998 + + - 4 6 0 0 0 6
+ - - 3 17 4 12 1 0
- - + 1 1 0 0 1 0
“ +, present; —, absent.

> UT, untypeable.
¢ Other, strains belonging to serovars other than 0O3:K6, O1:KUT, and O4:K68.

were analyzed (7, 18; Rhee et al., Abstr. 98th Gen. Meet. Am. quence identity between V. parahaemolyticus and other Vibrio
Soc. Microbiol., 1998; Vuddhakul et al., submitted). We there- species is considerably lower than the sequence identities for
fore presumed that the foxR gene is a global regulatory gene the 16S rRNA gene and the gyrB gene; for example, the per-
conserved in the members of the genus Vibrio. The toxR se- cent identities for the toxR gene, the 16S rRNA gene, and the
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FIG. 2. Results of AP-PCR assay for O3:K6 strains isolated in Bangladesh.
The results obtained with primer 1 are shown in Al and B1, and those obtained
with primer 2 are presented in A2 and B2. (Al and A2) Lanes: 1 and 13,
molecular size markers (phage N DNA digested with HindIII); 2 and 14, molec-
ular size markers (phage $X174 DNA digested with HaellI); 3 and 12, strain
VP47 (a control strain isolated in Calcutta in 1996 [16]); 4 through 9, Bang-
ladeshi strains isolated in 1980; 10 and 11, Bangladeshi strains isolated in 1981.
(B1 and B2) Lanes: 1 and 15, molecular size markers (phage A DNA digested
with HindIIl); 2 and 14, molecular size markers (phage $X174 DNA digested
with HaellI); 3 and 13, VP47; 4 through 10, Bangladeshi strains isolated in 1996;
11 and 12, Bangladeshi strains isolated in 1997.

grB gene between V. parahaemolyticus and V. hollisae are 59,
95, and 80%, respectively (6, 7; Vuddhakul et al., submitted).
We thus developed foxR-targeted PCR methods for identifica-
tion of V. parahaemolyticus and V. hollisae at the species level
(4; Vuddhakul et al., submitted). We presumed in this study
that variation in the foxR sequence may also be used for dif-
ferentiating phylogenetically distinct clusters in V. parahaemo-
Iyticus.

We selected representative strains and compared their toxRS
operon sequences. A 1,470-bp sequence covering 99.2% of the
toxRS coding regions was amplified by a PCR method and
compared by digestion with selected restriction endonucleases
first. The results suggested the possibility of group-specific base
alterations (data not shown). We therefore determined the
nucleotide sequences of the amplified toxRS sequence for the
following representative strains: five strains belonging to the
new O3:K6 clone (VP81, JKY-VP6, BE-98-2062, VP108 [iso-
lated in India in 1996; strain name not shown in Table 2], and
FIHES98V14-1 [isolated in Japan in 1998; strain name not
shown in Table 2]) and four strains of the old O3:K6 (U-5474,
AQ4901, AQ3810, and DOH272). The nucleotide sequence of
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a 1,364-bp region covering 95.4% of the foxRS coding regions
was determined for all the strains. The nucleotide sequences of
the five strains of the new O3:K6 clone were 100% identical.
There was strain-to-strain variation among the sequences of
the old O3:K6 strains. The difference in the sequence between
the new O3:K6 clone and the old O3:K6 strains ranged from 11
to 14 bp within the 1,364-bp region, and the sequences of the
two groups differed invariably at 7 base positions as illustrated
in Fig. 1. Conservation of the 7 bases in the new O3:K6 clone
was further confirmed by determining the stretches of the
sequences including these 7 bases for 11 more strains (AN-
8373, DOH958 15, 97L.VP2, and VP47, as well as one Taiwan-
ese strain isolated in 1997, three Japanese strains isolated in
1997 and 1998, one Thai strain isolated in 1998, and two U.S.
strains isolated in 1998 for which strain names are not listed in
Table 2).

On the basis of the result, we attempted to establish a PCR
method to specifically detect the f0xRS sequence of the new
03:K6 clone next. We named this method GS-PCR, for group-
specific PCR. Restriction endonuclease analyses for a limited
number of O3:K6 strains isolated from 1995 on indicated that
2 of the 7 unique bases in the toxRS sequence detected above
can be useful for GS-PCR (data not shown). These two bases
were incorporated in designing the primer pair GS-VP.1 and
GS-VP2 (Fig. 1). The primers were designed and amplification
conditions were determined according to the recommenda-
tions for an allele-specific PCR method (23). All 194 strains of
serovar O3:K6 listed in Table 2 were examined by GS-PCR. All
0O3:K6 strains isolated from 1995 on, including FIHES98V1-
32-4, were positive, whereas all strains of the old O3:K6 group
were negative. Examples of the gel electrophoresis of the PCR
products are presented in Fig. 4 (left panel). Therefore, we
concluded that GS-PCR can be used to distinguish the new
03:K6 clone from the old O3:K6 strains. The results of the
toxRS sequence analysis and the GS-PCR test provided addi-
tional evidence that the O3:K6 strains isolated from 1995 on in
eight countries belong to the same clone.

Divergence of the new O3:Ké6 clone. The tdh-positive and
trh-lacking clinical strains that were isolated in Calcutta in 1996
belonged to seven serovars, including O3:K6. Of these strains,
non-O3:K6 strains were shown to exhibit various AP-PCR
profiles that were distinct from that of the new O3:K6 clone in
our previous study (16). We did not anticipate that the strains
belonging to non-O3:K6 serovars would be phylogenetically
close to the new O3:K6 clone. To our surprise, when we ex-
amined strains representing serovars other than O3:K6, those
belonging to the O4:K68 and O1:K untypeable (KUT) serovars
gave positive GS-PCR results. Accordingly, we further exam-
ined all available strains of the O4:K68 and O1:KUT serovars
by GS-PCR (Table 2). Examples of the gel electrophoresis of
the PCR products are presented in Fig. 4 (right panel). The
GS-PCR-positive strains of the O4:K68 and O1:KUT serovars
shared important characteristics with the new O3:K6 clone.
They were positive for the tdh gene and lacked the #h1 and
trh2 genes (Table 2). Representative strains of the GS-PCR-
positive 04:K68 and O1:KUT groups (Table 2, experimental
strain numbers 16 to 19 and 20 to 22, respectively) were ex-
amined by AP-PCR. The AP-PCR profiles of these strains
were very similar to or indistinguishable from that of the new
03:K6 clone (Fig. 3). The GS-PCR-negative O1:KUT strains
gave AP-PCR profiles distinct from those of the GS-PCR-
positive O1:KUT strains (data not shown). Furthermore, the
toxRS sequences of strains AN-5034 and AN-16000, represent-
ing the GS-PCR-positive O4:K68 and O1:KUT groups, respec-
tively (Table 2), were 100% identical with that of the new
03:K6 clone. In contrast, the toxRS sequences of two strains
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TABLE 2. Characteristics and GS-PCR results of V. parahaemolyticus strains isolated from clinical sources

Presence of

Representative strain(s)”

O:K serovar and yr No. of  Location of isolation or gene®: GS-PCR
of isolation strains source of isolate result
tdh  trhl  trh2 Experimental no. Designation

03:K6

1980-1981 8 Bangladesh + - - - 1 U-5474*

1982-1993 8 Int. travel. - + - - 2 AQ4901* (THA)

1983 1 Int. travel. + - - - 3 AQ3810* (SING)

1985-1992 4 Int. travel. - - + - 4 AQ4037 (MVD)

1993 1 Taiwan - - - - 5 DOH272*

1995-1996 5 Int. travel.? + - - + 6 KX-V225 (THA)

1996-1998 22 Bangladesh + - - + 7 AN-8373

1996-1998 26 India + — — + 8 VP81*

1997 4 Taiwan + - - + 9 DOHO958 15

1997 36 Laos + - - + 10 97LVP2

1997-1998 35 Japan + - - + 11 JKY-VP6*

1998 1 Japan - - - + 12 FIHES98V1-32-4

1998 20 Thailand + - - + 13 VP47

1998 2 Korea + - - + 14 VP2

1998 21 United States + - - + 15 BE-98-2062*
04:K68

1997-1999 23 Int. travel.? + - - + 16 KX-V532 (THA)

1998 12 Bangladesh + - - + 17 AN-5034*

1998 7 India + - - + 18 VP232

1998 5 Japan + - - + 19 OP-424
O1:KUT*

1980-1998 6 Bangladesh - - + -

1981 1 Bangladesh - + - —

1986-1994 2 Int. travel. - - + —

1986-1995 16 Int. travel.©¢ + + - -

1989-1994 7 Int. travel. + — + —

1994 1 India + - + -

1994-1996 2 India - - - -

1994-1998 2 India - - + -

1996-1997 3 India + + — —

1997-1998 11 India + - - + 20 VP185

1998 1 Bangladesh + - - + 21 AN-16000*

1998 2 United States + + - -

1999 1 Int. travel.? + - - + 22 KX-V737 (THA)
Other than O3:K6, O4:K68, and

O1:KUT (26 serovars)

1978-1999 6 Int. travel.©¢ + — — —

1981-1998 9 Bangladesh + - - - Y-27669*, AN-8917*

1983-1993 5 Int. travel. + + — —

1993 1 Japan + + - -

1994-1998 28 India + — — —

1996 1 India + - + -

1996 1 Korea + + — —

1997 1 Taiwan + - - -

1997 1 Taiwan - - - -

1998 2 India - - + -

1998 2 India - - - -

1998 2 Thailand - - - -

1998 1 Thailand + + — —

1998 2 United States + + - -

1998 1 United States - - + —

1998 1 United States — - - -

¢ +, present; —, absent.

b Experimental strain numbers (1 through 22) correspond to lane designations in Fig. 3 and 4. Asterisks indicate strains for which the t0xRS sequence was submitted
to the DDJB/EMBL/GenBank databases. For strains isolated from international travelers (Int. travel.), the travelers’ origins are shown in parentheses, as follows: THA,
Thailand; SING, Singapore; MVD, the Maldives.

¢ International traveler(s) arriving at Osaka Airport, Osaka, Japan.

@ International traveler(s) arriving at Kansai Airport, Osaka, Japan.

¢ UT, untypeable.
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FIG. 3. Results of AP-PCR assay for representative 03:K6, 04:K68, and O1:KUT strains isolated in various geographical locations and from international travelers.
Results obtained with different primers are shown in different panels as indicated. For all panels, lane designations correspond to the experimental strain numbers listed
in Table 2. M1, molecular size markers (mixture of phage N DNA digested with HindIII and phage $X174 DNA digested with HaellI).

belonging to serovar O8:K22, Y-27669 and AN-8917 (isolated
in 1983 and 1998, respectively) (Table 2), differed from that of
the new O3:K6 clone by 17 bp in the 1,364-bp region, and the
discrepant bases in the O8:K22 strains contained all 7 bases
unique to the old O3:K6 strains (Fig. 1). The results indicate
that the GS-PCR-positive strains belonging to the O4:K68 and
O1:KUT serovars are genetically very close to the new O3:K6
clone. The O4:K68 serovar has never existed in the list of
known O:K serovars before. The strains of this serovar were
first isolated in 1997 from international travelers and were
subsequently detected in India, Bangladesh, and Japan. Al-
though strains of serovar O1:KUT have been detected since
1980, GS-PCR-positive O1:KUT strains first appeared in India
in 1997 and were subsequently detected in Bangladesh and
from an international traveler. Therefore, the GS-PCR-posi-
tive O4:K68 and O1:KUT strains may have diverged from the
new O3:K6 clone by alteration of the genes associated with the

old 03:K6 new 03:K6 04'K68 O1:KUT

MZIZ 3 4 567 8910"12!314!5

M2 8!6 17 I8|9202122

FIG. 4. GS-PCR results for representative strains of serovars O3:K6, O4:
K68, and O1:KUT, isolated in various geographical locations and from interna-
tional travelers. M2, molecular size markers (phage $X174 DNA digested with
Haelll). Lane numbers correspond to the experimental strain numbers listed in
Table 2.

O:K antigens and followed a spreading pattern similar to that
of the new O3:K6 clone. It is interesting that detection of the
strains belonging to the O3:K6, O1:KUT, and O4:K68 serovars
in Bangladesh was chronologically closely linked (Table 1). It is
known that epidemic clones of V. cholerae are phylogenetically
very close but can have different O antigens (2). Comparison of
the 03:K6, 04:K68, and O1:KUT strains by methods other
than the AP-PCR and r0oxRS analyses would further support
our hypothesis on the divergence of 0O4:K68 and O1:KUT
strains.

In this study, we demonstrated that the new O3:K6 clone
includes not only the strains isolated in India and those from
Southeast Asian travelers but also those isolated from clinical
sources in seven other countries including Japan and the
United States. This is the first demonstration of pandemicity in
the history of V. parahaemolyticus. This new clone may have
first appeared in 1995 (16), after which it spread to various
parts of the world and variants began to be seen. The strains of
the new O3:K6 clone isolated in Calcutta could be subtyped by
ribotyping and pulsed-field gel electrophoresis methods (1).
One exceptional strain of the new O3:K6 group examined in
this study, FIHES98V1-32-4, lacked the tdh gene and exhibited
AP-PCR profiles slightly different from the typical profiles of
the new O3:K6 clone. A GS-PCR-positive O3:K6 strain lacking
the tdh gene was also isolated from seafood implicated in a
food poisoning case in Japan that was different from the
FIHES98V-1-32-4-associated case (not included in Table 2).
The AP-PCR profiles of FIHES98V1-32-4 and the seafood
isolate were indistinguishable, and the foxRS sequence of the
seafood isolate was 100% identical with those of the new
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0O3:K6 clone (data not shown). The tdh gene can be lost spon-
taneously in V. parahaemolyticus (11). Although the tdh genes
are present in transposon-like structures, the putative trans-
posase gene is mutated (22). In agreement with previous find-
ings with KP-positive strains, the strains of new O3:K6 clone
carry two tdh genes (tdhl and tdh2) that have 97% sequence
identity (1, 12; M. Nishibuchi, unpublished data). The two tdh
genes do not appear to have been duplicated by a crossover
event and are not located in close proximity (they are at least
8 kb apart) in the chromosome (M. Nishibuchi, unpublished
data). If FIHES98V1-32-4 originally had the tdh1 and the tdh2
genes, the two tdh genes may have been lost by homologous
recombination between the two genes and the intervening se-
quence may have been lost by a looping-out mechanism. Such
presumed genetic rearrangement could be one possible expla-
nation for the slight divergence in the AP-PCR profile.

The GS-PCR test provided unambiguous results, and they
were well correlated with the results of AP-PCR analysis. In
addition, the GS-PCR is less likely to miss possible variants of
the new O3:K6 clone. Therefore, this method will be very
useful for the study of the current pandemic spread of V.
parahaemolyticus. We found many strains of the new O3:K6
clone in India and Bangladesh in 1996 (Table 2). However, the
new O3:K6 clone was isolated from one international traveler
originating in Indonesia in 1995 (Table 2) (16). Therefore, it is
not clear whether the new O3:K6 clone originated in the India-
Bangladesh area. Examination of the distribution of GS-PCR-
positive strains in the Asian environment and detailed com-
parison of the environmental and clinical GS-PCR-positive
strains by various genetic fingerprinting methods may provide
useful information for the elucidation of the origin of the new
03:K6 clone.

Our previous study (16) and this study indicated that the
pandemic clone is responsible for recent V. parahaemolyticus
infections in many countries. It has been considered that the
majority of V. parahaemolyticus infections are acquired
through the consumption of local seafood. A possibility that a
considerable portion of V. parahaemolyticus infections are as-
sociated with imported seafood, including secondary contam-
inations in food-processing facilities, may have to be included
in future epidemiological investigations.

We do not know why the new clone is responsible for the
current pandemic. The level of thermostable direct hemolysin
production of the pandemic clone is not very different from
that of classical KP-positive strains, and the pandemic clone is
sensitive to representative antibiotics (16). The new clone may
be more potent than classical KP-positive strains in persisting
in the environment or establishing infection. Future study on
this aspect is needed to establish control measures.
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